The germination of spore-forming bacteria in high-salinity environments is of applied interest for food microbiology and soil ecology. It has previously been shown that high salt concentrations detrimentally affect Bacillus subtilis spore germination, rendering this process slower and less efficient. The mechanistic details of these salt effects, however, remained obscure. Since initiation of nutrient germination first requires germinant passage through the spores' protective integuments, the aim of this study was to elucidate the role of the proteinaceous spore coat in germination in high-salinity environments. Spores lacking major layers of the coat due to chemical decoating or mutation germinated much worse in the presence of NaCl than untreated wild-type spores at comparable salinities. However, the absence of the crust, the absence of some individual nonmorphogenetic proteins, and the absence of either CwlJ or SleB had no or little effect on germination in high-salinity environments. Although the germination of spores lacking GerP (which is assumed to facilitate germinant flow through the coat) was generally less efficient than the germination of wild-type spores, the presence of up to 2.4 M NaCl enhanced the germination of these mutant spores. Interestingly, nutrient-independent germination by high pressure was also inhibited by NaCl. Taken together, these results suggest that (i) the coat has a protective function during germination in high-salinity environments; (ii) germination inhibition by NaCl is probably not exerted at the level of cortex hydrolysis, germinant accessibility, or germinant-receptor binding; and (iii) the most likely germination processes to be inhibited by NaCl are ion, Ca 2؉ -dipicolinic acid, and water fluxes.
T
he soil bacterium Bacillus subtilis possesses a broad range of different stress responses, as it is frequently confronted with changing conditions in its natural habitat (1) . Upon nutrient depletion, B. subtilis forms endospores that are dormant and highly resistant to harsh environmental conditions (reviewed in references 2 and 3). The resistance properties of the spore strongly depend on its structure and composition: the dehydrated spore interior (the core) is surrounded by a relatively impermeable inner membrane, a germ cell wall, and protective integuments, i.e., the spore cortex and coat (2) (3) (4) . The cortex is composed of modified peptidoglycan and is an important factor for establishing the low core water content required for wet heat resistance (5) . In developing spores, the cortex is separated from the coat by an outer membrane, but its fate and integrity in mature spores are unclear (4) . The coat is an elaborate structure composed of more than 70 different proteins that are synthesized by the sporulating mother cell, and it plays a major role in protecting spores from chemicals and exogenous enzymes (2, 4, 6) . It consists of at least four layers (the basement layer, inner coat, outer coat, and crust), whose presence depends on specific morphogenetic proteins (SpoIVA, SafA, CotE, and CotXYZ, respectively) (4, 7). Without SpoIVA, coat material is present but not attached to the spore and the cortex is missing; in safA mutant spores, the inner coat but not the outer coat is absent, while cotE mutant spores lack an outer coat and the crust (4) (for an overview, see Fig. 1 ). Coat morphogenesis is a complex, concerted, interlinked process that involves an interaction network of many different proteins (4, 8) . It begins with the deposition of coat proteins on one pole of the developing spore at a relatively early time in sporulation and progresses with the coordinated encasement of the complete spore by groups of coat proteins in successive waves driven by a temporally controlled program (8) . The proteins SpoVID and SpoVM play key roles for encasement, which is blocked in their absence; i.e., other coat proteins cannot properly assemble around the developing spore (4, 8) .
Although mature spores are metabolically inert, they can detect the presence of specific small molecules, such as certain amino acids and sugars, triggering the conversion back into growing cells, a process called germination (9, 10) . Nutrients are recognized via germinant receptors (GRs) that colocalize in a functional cluster, termed the germinosome, in the inner spore membrane and that have different specificities: GerA recognizes L-alanine, whereas GerB and GerK cooperatively respond to a mixture of L-asparagine, D-glucose, D-fructose, and K ϩ (AGFK) (9, 11, 12) . Upon recognition of nutrients, spores commit to germinate (13) . Germination starts by the release of large amounts of monovalent cations, followed by the release of the spore core's large depot of pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA] ) in complex with Ca 2ϩ (Ca 2ϩ -DPA) in parallel with partial core hydration (9, 10) . Subsequently, the cortex is hydrolyzed by the two redun-dant cortex-lytic enzymes (CLEs) CwlJ and SleB, which allows further core hydration, core expansion, and, ultimately, outgrowth (9, 10, 13, 14) . Germination can also be induced by nonnutrient factors: exogenous Ca 2ϩ -DPA, for instance, can directly activate the CLE CwlJ independently of GRs by a yet unknown mechanism, while high pressure can either activate GRs without germinant binding (100 to 300 MPa) or trigger Ca 2ϩ -DPA release directly (Ͼ400 MPa) (15) (16) (17) (18) (19) .
In soil, not only is nutrient availability variable but also other parameters, such as salinity, can change considerably due to desiccation or human influence, leading to high local salt concentrations (20, 21) . Previous studies showed that high salinity is detrimental to B. subtilis spore germination (22) (23) (24) . Increasing NaCl concentrations delay germination initiation and increase its heterogeneity, slow down the germination process, and decrease its overall efficiency (23) . Germination might be negatively affected by high salt concentrations at several stages (23) . These include (i) GR accessibility, (ii) germinant binding to the GRs, (iii) signal processing within and signal transduction from the germinosome, leading to (iv) ion and Ca 2ϩ -DPA release with concomitant water influx, and (v) cortex hydrolysis by CLEs. So far, however, the mechanistic details of germination inhibition by NaCl remain obscure.
In B. subtilis, the spore coat is the first barrier between the spore and the surrounding medium and, therefore, must be traversed by germinants to induce germination. Consequently, spores with an altered coat structure and/or composition were germinated in the presence of high NaCl concentrations and germination was monitored by spectrophotometry, fluorometry, and microscopy. The investigated spores lacked complete coat layers, individual coat proteins, or CLEs. Spores were also germinated by high pressures of 150 and 550 MPa to study the influence of high NaCl concentrations on germination that does not require germinant passage through the spore's integuments and germinant binding to GRs. This study yielded new, valuable insights into the mechanisms of high-salinity-dependent germination inhibition and evaluated the role of coat proteins in spore germination in high-salinity environments.
(The results of this study are included in the Ph.D. thesis of Katja Nagler.)
MATERIALS AND METHODS
Strains, spore production, spore purification, and electron microscopy. The Bacillus subtilis strains used in this study are listed in Table 1 and are isogenic derivatives of the wild-type strain 168 (trpC2). For strain construction, the genomic DNA of different mutant strains (original strain names are given in Table 1 ) was isolated using a peqGOLD bacterial DNA kit (peqlab, VWR International GmbH, Erlangen, Germany). Production of competent strain 168 cells and transformation were performed as described in reference 25, except that a longer DNA incubation time (1 h) and no DNase step were used. Chemical decoating of strain 168 spores was as described previously by a 2-h incubation at 70°C in 1% SDS-0.1 M NaOH-0.1 M NaCl-0.1 M dithiothreitol, followed by extensive washing (26) .
Spores were produced in 2ϫ SG (Schaeffer medium with glucose) liquid cultures that were incubated at 37°C for 6 days in a shaking incubator (200 rpm). Spores were harvested and washed by centrifugation with water at least seven times. If necessary, residual cell debris or germinated spores were removed by polyethylene glycol 4000 purification as described previously (27) . Spore germination was not affected by this additional purification procedure (data not shown). The purity of the spore stocks, as checked by phase-contrast microscopy, was Ն99%.
For thin-section transmission electron microscopy (TEM), spores were fixed with ruthenium red as described in reference 28.
Spore germination by nutrients. Spores were heat activated at 70°C for 30 min in order to ensure synchronized germination. For spectrophotometric measurements, germination was carried out in 96-well plates, each containing 200 l of germination medium composed of 10 mM
FIG 1 TEM images of wild-type spores (strain 168) (A), chemically decoated
wild-type spores (B), and spores lacking safA (KN19) (C), cotE (KN20) (D), safA and cotE (KN23) (E), gerE and cotE (KN32) (F), spoVID (KN22) (G), cotXYZ (H), or gerP (KW05) (I). Co, core; Cx, cortex; IC, inner coat; OC, outer coat; Ct, coat; Cr, crust. Bars ϭ 500 nm. a Where appropriate, chloramphenicol (5 g/ml), neomycin (10 g/ml), spectinomycin (100 g/ml), erythromycin (1 g/ml), kanamycin (10 g/ml), or tetracycline (10 g/ml) was added to the medium. b MTB862 (from H. Takamatsu) transformed into KN20.
Tris-HCl (pH 8; with or without NaCl), 50.5 mM D-glucose, 0.5 mM L-tryptophan, and the germinant of interest (10 mM L-alanine or AGFK, composed of 10 mM L-asparagine, 100 mM D-glucose {i.e., without the addition of 50.5 mM glucose}, 100 mM D-fructose, 100 mM KCl). The germination media were inoculated with 40 l heat-activated spores to a starting optical density (OD) at 600 nm (OD 600 ) of ca. 0.5, corresponding to a total of ca. 4 ϫ 10 7 spores per well, and were incubated at 37°C in a multiplate reader (ELx808IU; BioTek) that read the OD 600 of the culture. The plates were shaken for 5 s before all readings were taken. Each germination condition was tested with at least four replicates. The OD 600 data were normalized by division of each reading by the first reading (at time zero), yielding the relative OD 600 (given in percent). A 60% decrease in the relative OD 600 corresponds to germination of the whole spore population (11; data not shown). It should be noted that there was often some decrease in the OD 600 during the incubation of spores without any germination trigger. However, phase-contrast microscopy confirmed that this decreased OD 600 did not correspond to germination, as shown previously (11; data not shown). To monitor germination by microscopy, spores were germinated in 96-well plates as described above. After 4 h, 5-l samples were withdrawn and fixed by application to a microscope slide coated with 1% agar. Micrographs were taken using a Zeiss fluorescence microscope (Axio Imager M2; Carl Zeiss MicroImaging GmbH) equipped with an AxioCam MRm camera.
Analyses of DPA release and germination commitment were performed as described previously (13) , using the germination media described above and measuring the amount of DPA released by its fluorescence with Tb 3ϩ in a Gemini EM multiwell fluorescence plate reader (Molecular Devices, Sunnyvale, CA). Commitment times were determined by the addition of D-alanine (final concentration, 10 mM) at various times to L-alanine germination cultures. D-Alanine serves to inhibit further commitment but allows committed spores to progress through germination (13) . DPA release assays and commitment analyses were performed in quadruplicate and duplicate, respectively.
The osmolalities of the germination media were measured using an automatic digital osmometer (OM-815; Vogel) that utilizes the freezing point depression principle.
Spore germination by nonnutrient factors. Germination by exogenous Ca 2ϩ -DPA was carried out at 37°C in 200 l of 60 mM Ca 2ϩ -DPA (pH 8, adjusted with dry Tris base) without further additions and measured in a multiplate reader as described above.
Germination by high pressure was performed with wild-type spores. The general procedure was as described previously (19) with the following specifications: shrinkable tubes were filled with 300 l of 1.6 ϫ 10 8 spores/ml in 10 mM Tris-HCl containing either 0, 1.2, 2.4, or 3.6 M NaCl and were then hermetically sealed. The samples were exposed to either 150 MPa or 550 MPa for 10 min at 37°C (the exposure was under isothermal and isobaric conditions during the pressure dwell time). Germination was monitored in terms of colony-forming ability by plating and determination of the amount of DPA released by high-pressure liquid chromatography (HPLC). For plating, the spores were incubated for at least 1 h at room temperature (to allow the completion of germination). The samples were split, and one half was heat treated (10 min, 80°C) prior to serial dilution of all samples in phosphate-buffered saline (0.7% Na 2 HPO 4 ·12 H 2 O, 0.4% NaCl, 0.3% KH 2 PO 4 ) and plating on nutrient broth (NB) agar. For HPLC, the samples were sterile filtered directly after pressure treatment and then frozen at Ϫ30°C until analysis, which was performed as described previously (19) . DPA concentrations were calculated using a DPA calibration curve. All experiments were performed as independent triplicates.
Data evaluation and mathematical analyses. For convenient comparison of the extent of NaCl-dependent germination inhibition in spores of different B. subtilis strains, a relative inhibition (RI)/OD value was calculated as follows (24): the maximum germination rate (v max ; in percent relative OD 600 per minute) was derived from the linear part of the germination-specific OD 600 decrease for each germination profile (see Fig. S1 in the supplemental material). For every tested condition, the respective v max was divided by v max in the presence of NaCl to yield an RI value, where RI is equal to v max (without NaCl)/v max (with NaCl).
Hence, an RI value of 1 indicates normal germination, whereas RI values of Ͼ1 signify germination inhibition. However, the RI values do not take into account either increases in lag time prior to germination initiation or the overall magnitude of the OD 600 decreases. Consequently, the RI value for each germination condition was also expressed relative to the respective decrease of the relative OD 600 within 30 min (⌬OD 30 min ). Division of the RI by the respective ⌬OD 30 min value yields the RI/OD value as a further indicator of the extent of inhibition at a specific NaCl concentration: RI/OD ϭ (v max [without NaCl]/v max [with NaCl])/ ⌬OD 30 min (with NaCl).
An RI/OD value of 1.67 indicates no salt-dependent inhibition, whereas smaller or greater values imply a positive or negative effect of the salt on germination, respectively.
Statistical evaluation of the data given in Tables 2 and 3 was performed by t tests, with a P value of Ͻ0.001 indicating a significant difference.
RESULTS
Germination of chemically decoated wild-type spores. Transmission electron microscopic analysis of ruthenium red-stained, thin-sectioned wild-type spores (in the strain 168 background) revealed the three major layers of the coat: the crust, the outer coat, and the inner coat (Fig. 1A) . After chemical decoating, the inner and outer coat layers were reduced in thickness and no longer distinguishable, and the crust appeared to be displaced from the spore surface (Fig. 1B) . In the absence of NaCl the decoated spores germinated normally in response to L-alanine and slower than intact spores with AGFK but overall with an efficiency equal to that of intact spores with AGFK ( Fig. 2 ; Tables  2 and 3 ). It should be noted that the absence or alteration of the coat affects the light absorption properties of the spores, thus leading to a larger decrease in the OD 600 value during germination, with a decrease of about 70% to 80% (depending on the coat alteration) instead of the usual 60% decrease representing full germination of a population of intact spores (11) . Therefore, overall germination efficiency was additionally checked by phase-contrast microscopy.
In the presence of NaCl, the germination of decoated spores with L-alanine was significantly worse than that of wild-type spores: at an NaCl concentration as low as 0.6 M, the OD 600 decrease was considerably slower and took much longer ( Fig. 2A and  C) , whereas 0.6 M NaCl even increased the maximum germination rate (v max ) of untreated wild-type spores (Table 2) . Phasecontrast microscopy further revealed that at 0.6 to 2.4 M NaCl, while the vast majority of decoated spores were able to exit the phase-bright (i.e., dormant) state, many turned only phase gray instead of phase dark (data not shown). As reported previously (23) , the latter finding might indicate the successful initiation of germination but inhibition of the completion of germination. In the presence of 3.6 M NaCl, most decoated spores remained phase bright, although some phase-gray spores were also present. The AGFK-triggered germination of decoated spores was even more severely affected by salinity, as even 0.6 M NaCl resulted in an incomplete OD 600 decrease (Fig. 2B and D) , with about half of the spore population remaining in the phase-bright state typical for dormant spores.
Germination of spores lacking major coat layers due to mutation. As the chemical decoating procedure is harsh, the possibility cannot be excluded that this procedure also affected spore components other than the coat that are required for germination, hence potentially leading to the observed salt sensitivity, which untreated spores did not exhibit. Therefore, strains lacking the major morphogenetic coat proteins and, thus, complete spore layers were investigated as well.
Spores of a cotXYZ mutant (KN21), which lack the outermost coat layer termed the crust (28) (Fig. 1H) , generally exhibited wild-type-like germination with L-alanine and AGFK at most NaCl concentrations (Table 3 ; see also Fig. S1C and S2C in the supplemental material). However, at 3.6 M NaCl, the RI/OD value for cotXYZ mutant spores was significantly higher than that for wild-type spores (indicating stronger inhibition) and the v max value was only half that for wild-type spores under this condition (Tables 2 and 3) . Hence, the effects of the absence of the crust on nutrient germination became apparent only at a very high salinity.
To address the role of the remainder of the coat (the inner and outer coat layers) in germination in high-salinity environments, we analyzed spores with mutations severely impairing assembly of the inner coat (safA mutant strain KN19; Fig. 1C ) or the outer coat (cotE mutant strain KN20; Fig. 1D ), as well as strains preventing coat encasement (spoVID mutant strain KN22; Fig. 1G ) or most of coat assembly (cotE safA mutant strain KN23 and cotE gerE mutant strain KN32; Fig. 1E and F, respectively) (4, 6, (29) (30) (31) (32) (33) . All of these spores germinated very differently from untreated strain 168 spores but had very similar germination profiles among each other (a typical germination profile for these mutant spores is given in Fig. 3A ; for additional profiles, see Fig. S1 in the supplemental material and Tables 2 and 3 ). When germinated with L-alanine in the absence of NaCl, each mutant strain had a longer lag time and a lower v max than the wild type, but almost the complete spore population turned phase dark within 4 h ( Table 2) . However, as for the chemically decoated spores, even relatively low NaCl concentrations (Ն0.6 M) had significant detrimental effects on the germination of spores from each mutant strain, as indicated by (Tables 2 and 3 ). Indeed, with increasing NaCl concentrations, an increasing portion of the spore populations remained phase bright, and at 3.6 M NaCl, most appeared not to have germinated. Note that spores of the strains with the most significant impairments in the coat (the safA cotE and gerE cotE mutant strains; Fig. 1E and F) had the greatest impairments in germination in the presence of NaCl (Tables 2 and  3 ; see also Fig. S1 in the supplemental material) .
When germinated with AGFK, NaCl had even stronger deleterious effects on the germination of safA, cotE, spoVID, safA cotE, and gerE cotE mutant spores, as at 0.6 M NaCl, germination was no longer detectable by OD 600 measurements ( Fig. 3B; see also Fig. S1 in the supplemental material). Microscopy consistently revealed that in the presence of 0.6 M NaCl, less than ca. 10% of the mutant spores germinated in response to AGFK within 4 h.
Nonnutrient germination initiation by exogenous Ca 2ϩ -DPA was possible for the spores with a crust deficiency (cotXYZ) but not for spores lacking other coat layers (i.e., safA, cotE, spoVID, safA cotE, and gerE cotE mutant spores) because severe coat defects caused by mutations or chemical decoating can result in the loss of CwlJ, thus eliminating the ability of Ca 2ϩ -DPA to initiate germination (17) . Interestingly, in the absence of NaCl, the lag time for cotXYZ mutant spores was shorter than that for wild-type spores, whereas in the presence of Ն0.6 M NaCl, cotXYZ mutant spores exhibited a notably slower and lower OD 600 decrease than wildtype spores (see Fig. S4 in the supplemental material).
Taken together, these results indicate that the coat is crucial for efficient nutrient germination in the presence of NaCl. Although the crust did not seem to play a major role in nutrient germination, its absence did have an effect on germination kinetics at very high salinity and on nonnutrient germination initiation by Ca 2ϩ -DPA. Germination of spoVID-deficient spores under nonionic osmotic stress conditions. It is known that germination can also be inhibited by high concentrations of nonionic solutes, such as glycerol, presumably due to osmotic effects (24) . To assess the role of osmotic stress in the enhanced inhibition of high salinity on coatdeficient spores, wild-type and spoVID mutant spores were germinated with L-alanine in the presence of high D-fructose concentrations (1, 2, 4, and 6 M); these concentrations have osmolalities corresponding to the germination media with 0.6, 1.2, 2.4, and 3.6 M NaCl, respectively, i.e., 1.1, 2.2, 4.7, and 6.8 osmol/kg, respectively. Fructose concentrations of Ն4 M had inhibitory effects on wild-type spore germination (Fig. 3C) , causing an OD 600 decrease somewhat slower than that achieved with 2.4 M NaCl ( Fig. 2A) , possibly as a result of the high viscosity of the fructose germination medium. However, germination with high fructose concentrations was more effective, since even at 6 M fructose about 90% of the spore population germinated within 4 h, as determined by phasecontrast microscopy. Surprisingly, in contrast to germination with NaCl, the effects of high fructose concentrations on the germination of spoVID spores were very similar to the effects on the germination of wild-type spores (Fig. 3C and D) . This difference between NaCl and fructose strongly suggests that the much stronger NaCl inhibition of the germination of coat-deficient spores than that of wild-type spores is primarily due to ionic effects.
Germination of spores with mutations in less pleiotropic coat protein genes. To assess the roles of coat proteins not involved in the recruitment of complete major coat layers in germination in the presence of high NaCl concentrations, we analyzed spores from strains missing the coat protein CotB, CotC, CotG, CotH, or CotS (4). Spores with null alleles of cotB, cotC, cotG, or cotS germinated similarly to wild-type spores in the presence and absence of NaCl (see Fig. S1 in the supplemental material). Interestingly, spores bearing a mutation in cotH, which results in a partial defect in the outer coat and the lack of a subset of inner and outer coat proteins (34, 35) , exhibited a slightly slower germination than wild-type spores in the presence of Ն0.6 M NaCl (see Fig. S1I in the supplemental material) .
Spores lacking the gerP operon (strain KW05), which encodes proteins thought to facilitate germinant passage through the spore's integuments, had no detectable crust but did not exhibit any further noticeable coat defects (Fig. 1I) , as suggested previously (36, 37) . However, the germination of gerP mutant spores was strikingly affected by the presence of NaCl. While these spores generally germinated more slowly and less efficiently than untreated wild-type spores at all salt concentrations, the presence of up to 1.2 M NaCl clearly enhanced L-alanine germination of gerPdeficient spores, as observed by spectrophotometry, microscopy, and DPA release ( Fig. 4A and B ; see Fig. S1N in the supplemental material). Although DPA release during L-alanine-induced germination of gerP mutant spores was slightly delayed by 2.4 M NaCl and much slower than that with 3.6 M NaCl, the total amount of DPA released in 120 min was ca. 1.5-fold higher with 2.4 M NaCl than with 3.6 M NaCl and the level of germination was about equal to the level of germination in the absence of salt (Fig. 4B) . In the absence of NaCl, the commitment to germination of gerP mutant spores was slower than the commitment of wild-type spores, which is consistent with the longer lag times for the DPA release of gerP mutant spores (Fig. 4C and D) . Although the presence of 1.2 M NaCl increased the total amount of DPA released from gerP mutant spores by about 1.6-fold, the time required for a 50% commitment (C50%) and 50% of the maximum DPA release (G50%) was not decreased by NaCl. However, the time interval between C50% and G50% tended to be larger for gerP mutant spores than for wild-type spores.
When gerP mutant spores were germinated with AGFK, 0.6 M NaCl slightly increased the amount of DPA released (ca. 1.1-fold), and the release rate was similar to the rate in the absence of NaCl (see Fig. S3 in the supplemental material). At 1.2 M NaCl, the amount of DPA released was slightly decreased (ca. 0.8-fold) and DPA release was delayed, whereas 2.4 M NaCl almost completely inhibited DPA release.
Germination of spores lacking CLEs. It has previously been shown that germination with exogenous Ca 2ϩ -DPA, which is GR independent, is also inhibited by NaCl (23) . Because Ca 2ϩ -DPA triggers germination via CLEs (17) that are localized in the outer spore layers (38, 39) , it was hypothesized that they might be one of the targets of NaCl inhibition (23) . Since either cwlJ or sleB needs to be present and functional for complete germination (14) , in vivo inhibition of the individual enzymes was tested with single mutants of either gene. Interestingly, L-alanine germination of spores of both single mutant strains (KF111 and KF112, bearing mutations in cwlJ and sleB, respectively) was close to that of wildtype spores in terms of their OD 600 changes and DPA release, regardless of the NaCl concentration, although DPA release in cwlJ spores was slightly slower in general (Fig. 4A and 5A and B; see also Fig. S1 in the supplemental material) . Hence, neither of the two CLEs was specifically inhibited by NaCl. However, cortex hydrolysis was important for germination in high-salinity environ-ments, since DPA release from cwlJ sleB mutant spores (KF113) was inhibited more strongly by high salinity than DPA release from wild-type spores (Fig. 4A and 5 ). It should be noted, though, that even in the absence of NaCl, DPA release from the cwlJ sleB mutant spores was slower and less complete than that from spores of the single CLE mutant strains (Fig. 5C) .
Germination by high pressure. To test whether impaired germinant accessibility and/or germinant binding to the GRs is a major reason for NaCl-dependent germination inhibition, wildtype spores were germinated by a 150-MPa-pressure treatment (10 min, 37°C), which does not require germinants to activate GRs (16, 18) . With this approach, the requirements for germinant accessibility and/or germinant binding are bypassed, and their role in NaCl-dependent germination inhibition can be assessed. Ger- mination was monitored by measurement of DPA release via HPLC analysis and plating with or without a heat treatment to kill any germinated spores. With both methods, it could be shown that germination by 150 MPa is inhibited by NaCl (Fig. 6A and B) . As for nutrient-dependent germination, the extent of NaCl inhibition increased with increasing NaCl concentrations (23) . Importantly, even at up to 3.6 M NaCl, noticeable germination could be induced by 150 MPa and significant amounts of DPA (ca. 2 mol) were released. Spores were also germinated by a higher pressure of 550 MPa. This treatment is thought to directly induce Ca 2ϩ -DPA release via Ca 2ϩ -DPA channels (16, 18, 19) and/or to induce a phase shift of the inner spore membrane (40) (41) (42) . Again, it could be shown that germinations induced by 550 MPa were inhibited by NaCl: increasing NaCl concentrations clearly decreased the amount of DPA released, with 3.6 M NaCl no longer allowing any detectable DPA release (Fig. 6D) . Germination efficiencies in terms of colony-forming ability were also decreased by NaCl (Fig. 6C) , although the effects of 1.2 M and 2.4 M NaCl on the numbers of CFU after heat treatment were much smaller than the effects on DPA release. It should be noted that both the plating efficiencies of heat-treated samples were lower and the amount of DPA released was smaller when germination was induced by treatment of spores with 550 MPa than when it was induced by treatment of spores with 150 MPa. This likely relates to the fact that germination and DPA release by treatment with 550 MPa are possible only during the 10-min pressure treatment, whereas treatment with 150 MPa activates GRs, allowing the process of germination to continue even after decompression. Nevertheless, germination induced by either pressure was clearly inhibited by NaCl.
DISCUSSION
Although inhibition of spore germination by high salinity is very important to both applied and basic research, the underlying mechanistic details have remained obscure. From existing work, the most likely inhibition targets for NaCl include (i) GR accessibility, (ii) germinant binding to the GRs, (iii) signal integration and transduction from the germinosome, leading to (iv) ion and Ca 2ϩ -DPA release from the spore core with concomitant water uptake, and (v) cortex hydrolysis via CLEs (23) . Previous data suggest that NaCl likely has several inhibition targets: on the one hand, high NaCl concentrations can cause a delay in (and an increased heterogeneity of) germination initiation, as observed by commitment experiments, Ca 2ϩ -DPA release, OD 600 decrease, and single-spore differential interference contrast microscopy (23), suggesting inhibition very early in germination. On the other hand, subsequent events also seem to be inhibited at high salinity, as the time required for the change from the phase-bright (dormant) state to the phase-dark (fully germinated) state is significantly increased, and at very high NaCl concentrations, spores can get stuck in an intermediate phase-gray state, suggesting incomplete germination (23; K. Nagler, K. Madela, and R. Moeller, unpublished results). Further inhibition targets may also exist, especially when germination occurs in the presence of high concentrations of other salts (24) .
With regard to the first proposed inhibition target, GR accessibility, it is conceivable that ions might interact with the complex protein network of the spore coat, thereby affecting its structure and decreasing its permeability for germinants (23) . However, the germination of spores lacking major coat layers or the entire coat was much more severely affected by the presence of NaCl than the germination of wild-type spores. This suggests that the coat plays an important role for successful germination in high-salinity environments. It has previously been proposed that there may be an additional permeability barrier outside the inner spore membrane, e.g., the outer membrane or a different coat-associated structure, which might be removed or compromised in severely coat-defective spores (36, 37, 43) , thus leading to stronger germination inhibition in high-salinity environments. In contrast, the lack of the outermost coat layer, the crust, did not have notable effects on nutrient germination at NaCl concentrations of Ͻ3.6 M NaCl. This suggests a novel functional difference between the crust and the other coat layers in the ability to germinate in the presence of environmental stress, such as high salinity.
Analysis of the effects of NaCl on pressure-induced germination further supported the idea that NaCl likely does not inhibit germinant accessibility or germinant binding to GRs: spore germination by a high pressure of 150 MPa was increasingly inhibited by increasing NaCl concentrations, although this treatment led to the direct activation of GRs, thus requiring neither nutrient germinants passing through spore integuments nor germinant-receptor binding (16, 18) . Hence, inhibition of 150-MPa-induced germination seems to occur downstream of GR activation. Interestingly, the germination triggered by 550 MPa was also inhibited by NaCl. As treatments with a 550-MPa pressure directly induce Ca 2ϩ -DPA release, likely by activation of SpoVA channels and/or a phase shift of the inner spore membrane (16, 18, 19, (40) (41) (42) , NaCl probably does not inhibit germination at the levels of signal integration and transduction from the germinosome.
Furthermore, because neither cwlJ nor sleB mutant spores were particularly inhibited by high salinity, it seems that NaCl does not inhibit germination at the level of cortex hydrolysis. However, in the absence of both, the level of CLE inhibition by high NaCl concentrations (Ն2.4 M NaCl) was stronger than that in wildtype spores. This inhibition is possibly due to the lack of amplification of germination signaling that is a consequence of the reduced release of Ca 2ϩ -DPA in cwlJ sleB mutant spores (10, 17) . If so, then NaCl might directly interfere with Ca 2ϩ -DPA release, consistent with the increase in the delay of germination with increasing salinity.
Nevertheless, assuming that CwlJ itself is not inhibited by high ionic strength, it is not clear why the germination of crust-deficient spores with exogenous Ca 2ϩ -DPA is more strongly inhibited by NaCl than the germination of wild-type spores, especially since it is faster in the absence of salt. The crust possibly has a minor protective function for coat proteins apparent only at very high salinities. The faster germination of crust-deficient spores in the absence of NaCl might, in turn, be due to the easier access of exogenous Ca 2ϩ -DPA to CwlJ. Taken together, the results presented in this study suggest that inhibition of wild-type spore germination by NaCl is not mainly at the level of GR accessibility, germinant binding to GRs, signal integration and transduction from the germinosome, or cortex hydrolysis. Therefore, the release of ions and/or Ca 2ϩ -DPA and the accompanying water uptake into the spore core seem to be the most likely processes to be detrimentally affected by high salinity. This would be consistent with the assumption of multiple inhibition targets within the germination pathway: while ion release is one of the first measureable responses of germinating spores and may be important for germination initiation, Ca 2ϩ -DPA release and especially water uptake occur later during the germination process. Hence, the impairment of the last two processes may be responsible for the slower change from phase bright to phase dark in high-salinity environments.
Possible mechanisms for the inhibition of ion, Ca 2ϩ -DPA, and water fluxes include the following: (i) Na ϩ and Cl Ϫ ions might directly block channels, (ii) ions and/or Ca 2ϩ -DPA might not be able to flow out of the spore core due to the high extracellular ionic strength that eliminates the normal chemical gradient, and/or (iii) water influx might be impaired by a extracellular water activity that is too low. As presented in an earlier study on the effects of a broad range of different salts on B. subtilis spore germination (24), salt-dependent germination inhibition seems to result from a combination of ionic and osmotic effects. Thus, all three possibilities mentioned above might concurrently contribute to NaCl inhibition, albeit to different extents.
It is generally assumed that the cortex of dormant spores, as an electronegative structure harboring positive counterions, is in osmotic equilibrium with the core (with both having water activity of ca. 0.85) and, hence, acts as an osmoregulatory structure supporting dehydration of the core (44, 45) . This equilibrium might be disturbed in high-salinity environments, consequently causing less effective germination. Moreover, the coat, possibly in complex with the putative outer membrane (if it exists in mature spores) or another coat-associated structure, is assumed to be a dielectrically effective insulating layer around the cortex which may act as an additional permeability barrier that possibly restricts ion movement to some extent (43, 44) . In decoated spores, the coat or outer membrane-coat complex is largely removed (43) . Thus, the three putatively NaCl-sensitive processes mentioned above, all of which occur in close proximity to the inner spore membrane, are likely exposed more directly to Na ϩ and Cl Ϫ ions, thereby explaining the increased inhibition of coat-defective spores by NaCl. This would be consistent with the different inhibitory effects of high fructose concentrations versus high NaCl concentrations on the spoVID spores that were used as a proxy for severely coat-deficient spores (Fig. 3) : while Na ϩ and Cl Ϫ ions might interfere directly with ion and Ca 2ϩ -DPA efflux by interaction with channels/transporters or by annihilation of an ionic gradient, fructose can affect only the osmotic equilibrium. In addition, a significant increase in the water permeability of the inner spore membrane, known to occur in coatless spores, might also contribute to these effects (46) .
While all these results are consistent with each other, the assumption of NaCl inhibition at the level of ion, Ca 2ϩ -DPA, and water fluxes without any involvement of GRs does not explain why germination triggered by L-alanine (and L-valine) is less susceptible to NaCl than AGFK-triggered germination (23) . Although ionic interactions of Na ϩ and Cl Ϫ with AGFK's K ϩ or conformational changes of GR proteins due to high ionic strength might play a role, further investigations would be required to address this question adequately.
Despite the inhibitory effects that NaCl exerts on spore germination, analysis of spores lacking the gerP operon, whose proteins are thought to facilitate germinant passage through the spore integuments (36, 37) , revealed that even up to 2.4 M NaCl can also have positive effects on germination, increasing the amount of DPA released. Notably, 1.2 M NaCl, which maximized DPA release in gerP-deficient spores, did not accelerate commitment, a process that might involve GR-germinant interactions (13, 47) . Therefore, NaCl does not seem to enhance nutrient accessibility to the inner membrane in gerP-less spores, e.g., by interaction with spore integuments, but rather affects subsequent processes.
Overall, this study not only showed that the spore coat (possibly in combination with the outer spore membrane or another coat-associated structure) seems to have a protective function during B. subtilis germination in high-salinity environments but also provided further evidence that germination inhibition by NaCl likely occurs at the level of ion, Ca 2ϩ -DPA, and water fluxes. The importance of spore resistance to high salinity in diverse niches raises the necessity of future work to analyze these fluxes in more detail to provide a precise mechanism for the inhibition of germination in high-salinity environments.
